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ABSTRACT 
In 2009 the aviation industry has committed to 
a set of ambitious high-level goals to reduce its 
carbon emissions at a global level. The long-
term reduction goal of 50% in net CO2-
emissions by 2050 relative to 2005 levels is 
unlikely to be met with evolutionary technolo-
gies only. Radically new technologies and 
aircraft concepts as well as sustainable pro-
pulsion energies are likely to prove necessary 
in addition. To ensure a frictionless implemen-
tation of these new technologies into the air 
transport system, their impacts on aviation 
stakeholders have to be investigated. Within 
the AIRCAT project (Assessment of the Impact 
of Radical Climate-Friendly Aviation Technolo-
gies) IATA and DLR identified challenges and 
obstacles to the introduction of these technol-
ogies with a multi-stakeholder expert work-
shop. Key conclusions and recommendations 
for future works and support actions were de-
rived. Finally, an assessment of the global 
carbon emissions reduction potential of the 
discussed concepts was performed. 
1. INTRODUCTION 
All global aviation stakeholders recognize the 
growing and urgent need for society to address 
the global challenge of climate change. In 
2009 the aviation industry has committed to a 
set of ambitious high-level goals to reduce its 
carbon emissions at a global level [1]: 
• 1.5% average annual fuel efficiency 
improvement between 2009 and 2020 
• Carbon neutral growth from 2020 
• 50% reduction in net CO2-emissions 
by 2050 to 2005 levels. 
 
To achieve these goals, all stakeholders in the 
air transport industry focusing on a four-pillar 
strategy composed of new technology options, 
effective operations, efficient infrastructure and 
positive economic measures. In order to com-
ply with the long-term reduction goal, evolu-
tionary technology improvements will no longer 
be sufficient. Radically new technologies such 
as new aircraft concepts and sustainable en-
ergies will have to substantially contribute to 
these ambitious emission reductions. [2] 
Evolutionary aircraft technologies, including 
new engine concepts that can be applied on 
classical tube-and-wing aircraft, have a poten-
tial to improve fuel efficiency in the order of 
30% by around 2030 compared to 2005 [2]. To 
fill the gap between evolutionary technology 
progress and the long-term emission reduction 
goal, additional radical solutions have to be 
introduced to the air transport system (ATS) 
with appropriate lead times. For the timeframe 
after 2030, various novel aircraft concepts are 
proposed by aircraft manufacturers, research 
institutions and academia (Airbus, Boeing, 
DLR, NASA, ONERA, Bauhaus Luftfahrt, TU 
Delft, among others). In most cases the tech-
nological feasibility of these concepts has been 
assessed, and the benefits and the potential 
fuel savings have been determined at aircraft 
level. However, a more holistic assessment of 
these concepts at an integrated ATS-level is 
necessary, and an involvement of all relevant 
stakeholders is needed to ensure a frictionless 
adoption of such novel concepts. Impacts of 
radical solutions on all stakeholders (aircraft 
and engine manufacturers, aircraft operators, 
airports, air navigation service providers 
(ANSP) and others such as energy providers), 
need to be identified. Potential benefits and 
upcoming challenges for each stakeholder 
need to be described thoroughly, in order to 
allow timely preparations and infrastructural 
adaptations in view of an operational deploy-
ment once the technologies have achieved 
maturity. IATA and DLR conducted the AIR-
CAT (Assessment of the Impact of Radical 
Climate-Friendly Aviation Technologies) pro-
ject to investigate these benefits and challeng-
es as well as the resulting CO2-emissions re-
duction potential on world fleet level. 
Paper Id.: 104 
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2. NOVEL AIRCRAFT AND SUSTAINABLE 
ENERGY CONCEPTS 
This chapter gives an overview of a selection 
of radically new technology concepts repre-
sentative for a variety of major trends in the 
development of future more efficient aircraft, 
which were studied in detail in the AIRCAT 
project. They comprise three kinds of novel 
aircraft configurations and two kinds of sus-
tainable fuel technologies, which were chosen 
to capture the most relevant impacts to the 
ATS and are possibly available till 2050. Both 
areas have high emission improvement poten-
tials.  
Two aircraft concepts for the short- to mid-
range and one for the long-range were select-
ed: structurally optimized configurations such 
as strut-braced wings (SBW) can be combined 
with various other technologies and fly with 
conventional fuel, while the electric aircraft 
concept is optimized around a fully battery-
powered propulsion system. The blended wing 
body (BWB) concept deploys its advantages 
over conventional aircraft especially on large-
capacity long-range flights, and with its uncon-
ventional external shape. In addition it repre-
sents a fully new aircraft category in civil avia-
tion with respect to its spacious cabin. 
Sustainable fuels can be divided into drop-in 
and non-drop-in fuels. Sun-to-liquid (StL) is 
one representative of sustainable drop-in fuels 
which can be easily introduced into aircraft 
operations, since no adjustments are neces-
sary regarding the aircraft design and infra-
structure. Non-drop-in fuels are represented 
within this project by liquid natural gas (LNG) 
requiring major changes to the aircraft and 
high investments in new infrastructure world-
wide. 
Potential timelines for the availability of these 
future aircraft configurations and sustainable 
fuel technologies are shown in Fig. 1. 
 
2050204020302020
Liquid Drop-In Fuels
Strut-Braced Wing
Blended Wing Body
Liquid Natural Gas
Electric Aircraft
 
Figure 1: Possible timeframes for analyzed 
aircraft and fuel concepts 
2.1 Fully electric aircraft 
Plans to use electricity as a clean propulsive 
energy for aircraft have recently made strong 
progress. During the past years a number of 
key technologies (e.g. batteries, controllers, 
and motors) became mature and affordable for 
small planes. In parallel the development of 
competences needed for larger aircraft are 
pushed forward by manufacturers like Airbus 
and Boeing on the long path from vision to 
reality. One representative vision from aca-
demia was published by Bauhaus Luftfahrt, 
who performed a preliminary design study for a 
fully electric aircraft [3, 4]. The so-called Ce-
Liner (see Fig. 2) is a fully electric commercial 
passenger airplane with a seat capacity of 
nearly 200 passengers. The projected entry-
into-service (EIS) is 2035 to 2040. The distinc-
tive “C-wing” substantially improves aerody-
namic efficiency and thus reduces energy con-
sumption to further increase achievable design 
ranges which are one of the critical aspects of 
fully electric aircraft. If battery technology ad-
vances at a similar pace as in the last years 
(without exceeding physical limitations), it is 
estimated that by 2035 flight ranges of nearly 
700 nm can be reached. After 2035 ranges 
could rise to 1000 nm and more, if the energy 
density of batteries will develop further as as-
sumed. [4] 
CO2-emissions during operations are zero for 
fully electric aircraft. Lifecycle emissions 
strongly depend on the primary energy mix for 
electricity generation. If fully renewable 
sources are used, they could be close to zero 
as well.  
 
 
Figure 2: Ce-Liner by Bauhaus Luftfahrt [5] 
2.2 Strut-braced wing with open rotor 
Structurally optimized aircraft concepts such 
as SBW are under current attention by various 
research entities [6, 7]. The SBW concept uti-
lizes a structural wing support to allow for larg-
er wing spans without increases in structural 
weight. By increasing the span, the induced 
drag is reduced and therefore the engine per-
formance can be reduced as well. An addition-
al advantage is that the high wing arrangement 
allows for bigger engine sizes, e.g. open ro-
tors. 
Within the “Subsonic Ultra Green Aircraft Re-
search” (SUGAR) studies conducted by Boe-
ing (see [8, 9]) a 154-seat high aspect-ratio, 
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low induced-drag SBW aircraft was designed. 
A first configuration was designed with ad-
vanced turbo-fan engines (SUGAR High) for 
an entry into service in 2030-35. This configu-
ration offers a block fuel saving of about 29% 
over a 900 nm mission (design range of 
3,500nm) in comparison to a Boeing 737-800 
with CFM56 engines. Further wing-weight op-
timizations of this configuration combined with 
an open rotor (see Fig. 3) result in a block fuel 
saving of about 53%. The EIS is projected to 
be around 2040.  
A second study (N+4, SUGAR Freeze) looked 
one generation further combining even more 
technologies with an EIS about 2040-2050. An 
update of the airframe and even more ad-
vanced turbo-fan engines is expected to be 
available by 2045 resulting in a fuel saving of 
about 54%. Further combining this concept 
with an adaptation to LNG results in a fuel 
reduction of 57% and is raised to 62% by the 
use of open rotor engines. Additionally, the 
adaption to LNG results in about 15% lower 
carbon dioxide and 40% lower nitrogen oxides 
emissions than conventional jet fuel [9, 10]. 
With its short-range specifications the SBW 
aircraft is a concept aiming at the same market 
segment as the battery aircraft presented 
above, but offers less emission reduction po-
tential than a fully electrical aircraft (under the 
assumption of CO2-emission free electrical 
energy supply). 
 
 
Figure 3: Strut braced wing design with open 
rotor (NASA/Boeing, 2015) 
2.3 Blended wing body 
The blended (or hybrid) wing body 
(BWB/HWB) configuration was originally intro-
duced at concept study level in the late 1980s 
and further analyzed in the 1990s. The BWB is 
essentially a large flying wing, which houses a 
payload area within its center section. With its 
futuristic shape the BWB represents a new 
aircraft category which potentially could enter 
into service in civil aviation beyond 2040. The 
superior aerodynamic shape compared to con-
ventional tube-and-wing configurations favors 
large sizes for more efficient cabin integration. 
Optimized for cruise flight, it also favors long-
range flights; therefore its advantages over 
conventional aircraft are particularly high on 
long-range flights with high passenger number 
of payload. 
A typical example out of various BWB con-
cepts is the 500-seat BWB developed at the 
German Aerospace Center (DLR) with an es-
timated EIS at the earliest in 2040 (see Fig. 4). 
Since the fuel efficiency of BWB configurations 
increases with aircraft size, the DLR-BWB was 
especially designed for long-range operations 
with a design range of 7,500 nm. For opera-
tions near its design range, fuel consumption is 
expected to be up to 50% less compared to 
current aircraft of similar size and range. 
The market potential for future BWB aircraft 
can be estimated from published market pro-
jections: While Airbus expects in its current 
market forecast a demand of approximately 
1,550 very large aircraft till 2034 [11], Boeing 
forecasts the demand to 670 aircraft for the 
same period [12]. Production rates for very 
large aircraft like the Airbus A380 and Boeing 
747 have been about 20 to 30 aircraft per year 
during the last years, and for newer long range 
aircraft like the Airbus A350 or Boeing 787, 
about 150 to 170 per year are planned. Con-
sidering a fast production ramp up and produc-
tion rates similar to current long range aircraft, 
up to about 1,000 BWBs could enter the world 
fleet between 2040 and 2050, more to follow.  
 
 
Figure 4: Blended Wing Body designed by 
German Aerospace Center (DLR) 
2.4 Liquid Drop-In Fuel: Fischer-Tropsch 
kerosene 
Replacing current fossil jet fuel by sustainable 
alternatives is an essential element of avia-
tion’s climate strategy. Moreover, non-fossil 
fuels help reduce the dependence on fluctuat-
ing oil prices and declining crude oil resources. 
However, within the next one or two decades, 
there is no perspective of replacing current Jet 
A-1 fuel with a physically and chemically dif-
ferent substitute, regarding the need for com-
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patibility with the current fleet of aircraft and 
the existing infrastructure for Jet A-1.  
There are “drop-in” fuels very similar to exist-
ing Jet A-1 which meet these requirements, 
such as the biojet fuels that are currently being 
deployed for regular operations. However, 
availability of biomass for biofuel production is 
limited, and sustainability requirements need to 
be met.  
This triggered the search for non-biomass 
based drop-in fuel solutions. One pathway for 
producing drop-in jet fuel is the Fischer-
Tropsch synthesis process, which can use any 
carbon-containing feedstock (e.g. coal, natural 
gas or biomass). With the first ever production 
of jet fuel synthetized from solar energy, the 
EU-funded SOLAR-JET project has success-
fully demonstrated the entire production chain 
for renewable jet fuel obtained directly from 
sunlight, water and CO2 [13]. 
Sun-to-liquid drop-in fuel (StL) potentially 
achieves carbon neutral production of jet fuel 
by a chemical reaction that reveres fuel com-
bustion by means of very high temperatures 
and a metal-oxide redox reaction. This reaction 
produces syngas, a mixture of hydrogen and 
carbon monoxide, which is finally converted 
into kerosene using the Fischer-Tropsch tech-
nology. [14] 
 
 
Figure 5: Schematic of the solar reactor con-
figuration for the 2-step solar-driven thermo-
chemical production of fuels [14] 
With a forecasted solar-to-kerosene process 
efficiency of 4-14%, StL could exceed the effi-
ciency potential of processes like biomass-to-
liquid (BtL) of about 1.75%. Consequently, the 
required total ground area for producing a giv-
en amount of StL fuel is assumed to be less 
than half of that for the same amount of BtL, 
i.e. the conversion efficiency is higher for StL 
than for similar fuels. [15] As the StL infrastruc-
ture does not require fertile land, the availabil-
ity of potential land area, and therefore of fu-
ture production capacity, is almost unlimited. 
StL is not the only principle to generate syngas 
for Fischer-Tropsch synthesis from CO2 and 
external energy. A similar technology (however 
not discussed in detail in the AIRCAT work-
shop) is power-to-liquid (PtL), which uses 
(preferably renewable) electric energy to pro-
duce hydrogen through electrolysis, which is 
then reacted with CO2 from industrial sources 
or absorption from air to produce syngas. 
2.5 Liquid Non-Drop-In Fuel: Liquid natural 
gas 
In the long term, non-drop-in fuels and energy 
sources could also be considered to replace 
current Jet A-1 fuels if they offer significant 
emission reduction, even though they would 
need considerable adaptation of infrastructure 
and aircraft design. Being a typical representa-
tive of non-drop-in fuel solutions LNG is cur-
rently investigated from an economic and an 
overall lifecycle emissions perspective as a 
potentially interesting replacement for current 
crude-oil based aircraft fuels. Existing aircraft 
engines can be operated with natural gas after 
a combustion chamber retrofit/upgrade. Natu-
ral gas has a slightly higher energy density per 
unit of mass, but a significantly lower energy 
density per unit of volume relative to conven-
tional jet fuel, even in compressed (CNG) or 
liquefied form (LNG). The energy density of 
LNG is approximately two thirds of jet fuel. 
Special vacuum insulated fuel tanks are used 
to maintain the extremely low temperatures to 
keep the liquid below its boiling point of -162°C 
(-260°F). This would require fundamental 
changes to the airframe and the supply infra-
structure at airports. LNG is currently in use in 
sea and land transportation. 
Although made mostly from fossil sources 
today, it can easily be replaced by biogas if 
available in larger quantities. Biogas is already 
blended to fossil natural gas in car fuel and 
public gas supply networks in various coun-
tries. In 2013, LNG was about 70-80% cheaper 
than jet fuel on an energy basis and therefore 
may reduce operating costs [16]. Additionally, 
natural gas has 23% lower CO2 combustion 
emissions than conventional jet fuel on a per-
unit energy basis [17] and is expected to result 
in lower emissions of particulate matter and 
SO2 [18]. 
While Jet A fuel emits about 95 grams of CO2 
per kJ of fuel energy during combustion, LNG 
emits about 59 grams from combustion (and 
additional 13 grams during fuel production and 
transport) [19]. Combustion of LNG produces 
more water vapor compared to conventional jet 
fuel, but due to around 80% less sulfur and 
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particulate matter it results in up to 15% less 
contrails [20]. 
3. METHODOLOGY 
The technology assessment in AIRCAT was 
done in the following way: In a first step a qual-
itative multi-stakeholder system analysis was 
performed to identify impacts specific to each 
of the different aviation stakeholders. In a sec-
ond step, the impacts were assessed by identi-
fying major enablers and prerequisites for the 
expected technical and operational feasibility, 
and by estimating the needed lead time to 
operational readiness. Finally, the impact of 
the expected emissions reduction on the world 
fleet’s carbon footprint was estimated. 
3.1 Multi-stakeholder system analysis 
The ATS model shown in Fig. 6 is used as a 
framework for the identification of stakeholder-
specific impacts. The four main stakeholder 
groups (manufacturer, operator, air traffic 
management and airports) together with the 
aircraft as the linking element between all of 
them form the core. The surrounding system is 
defined by the five areas environment, econo-
my, technology, society and politics, which all 
link the core to the surrounding system. The 
node “Society” also includes passengers and 
air cargo customers. 
 
Figure 6: Air Transport System Model [21] 
In a multi-stakeholder expert workshop, differ-
ent impacts of each concept (electrical aircraft, 
BWB, SBW, sustainable fuels) on each of the 
four major stakeholders and others were iden-
tified in dedicated brainstorming sessions. At 
the end of each session the identified impacts 
were rated by criticality regarding a seamless 
technology introduction. 
3.2 Identification of enablers and impact 
assessment 
The identified impacts were discussed in detail 
to identify critical challenges, such as infra-
structure, operational processes, performance 
thresholds, legislation or environmental issues. 
Additionally an impact analysis was conducted, 
addressing the technical and operational fea-
sibility as well as lead time till operational read-
iness for the identified impacts and their ena-
blers. 
Based on the ranked impacts from the multi-
stakeholder system analysis, key enablers to 
ensure successful introduction of novel aircraft 
and fuel concepts were identified during further 
workshop sessions. In a second step the tech-
nological and operational feasibility of each 
identified impact were assessed semi-
quantitatively. 
The sessions ended with an estimate of the 
lead times needed to adjust the ATS, stake-
holders or interfaces to the anticipated implica-
tions until full operability of each concept is 
available, starting today with current techno-
logical and operational conditions. 
3.3 Estimation of the CO2-emission reduc-
tion potential on global fleet level 
A methodology developed by DLR, named 
FFWD (“Fast Forward”) [22] was used to as-
sess the introduction of the three novel aircraft 
configurations into the world fleet and its im-
pacts on global CO2-emissions of air transport. 
It consists of two separate modules (see Fig. 
7): 
1. Evolution of the world fleet of commer-
cial passenger aircraft (steps 1-4). 
2. Forecast of the evolution of fuel and 
CO2 efficiency based on fuel consump-
tion and performance information of 
each aircraft model, and global CO2-
emissions and traffic calculated by ag-
gregating the single aircraft estimates 
(steps 5-6). 
The fleet forecast applied is a bottom-up fore-
cast based on year-to-year dynamics. 
In a first step today’s fleet of aircraft is identi-
fied from the ASCEND Fleet Database [23]. 
From the detailed information provided by AS-
CEND, the following year’s retirements are 
then projected for each make and model in the 
world fleet, based on the specific age of each 
active aircraft. The retirement process is driven 
by so-called ‘retirement curves’, which have 
been estimated through a survival analysis 
from historical data for the ICAO Committee on 
Aviation Environmental Protection (CAEP) 
[24]. 
In the next step, the number of additional air-
craft needed to satisfy the selected traffic 
growth scenario is estimated [25]. 
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The sum of aircraft needed for replacement 
and growth constitutes the next year’s aircraft 
demand and therefore new aircraft deliveries. 
The original aircraft are forecasted to remain 
active (i.e. are not retired) plus the new aircraft 
deliveries (including yet unfixed make and 
model) compose the new world fleet. This pro-
cess of simulating yearly fleet changes is re-
peated until the final year of the forecast period 
is reached. 
 
 
Figure 7: General CO2 Forecast Schematic: 
Bottom-up Forecast based on Year-to-Year 
Dynamics 
To assess the influence of novel aircraft con-
figurations (fleet renewal) on global CO2-
emissions, a yearly fuel consumption and pro-
vided transport service is assigned to each 
active aircraft. For existing aircraft of given 
make and model, the EUROCONTROL Base 
of Aircraft Data (BADA) Aircraft Performance 
Model (APM) is used. In particular, the block 
fuel consumption is estimated using BADA 
datasets at a given flight distance and a given 
payload, to generate a dataset over the entire 
operational range of an aircraft type. For dis-
tance, load factor and flights the average val-
ues of the corresponding size categories (dif-
ferent for each year) from the ICAO CAEP/9 
forecast are taken. 
 
The number of seats is specific for each air-
craft and is taken from the ASCEND database. 
 
New aircraft configurations enter the world 
fleet through projected deliveries of “New 
Technology/Aircraft” and “Unfixed Demand” 
(future generic aircraft). The demand in each 
seat category is represented by a “generic 
aircraft”. This generic aircraft stands for the 
average delivered aircraft of a specific fore-
casted year. A higher share of more efficient 
aircraft is represented by a gradually improving 
average fuel efficiency of the generic aircraft 
over the years. This modelling method thus 
accounts for the combined impact of a fleet of 
multiple aircraft models. 
 
Combining the fleet forecast with the estimates 
future fuel consumption and utilization of the 
individual aircraft and with the assumptions 
regarding novel aircraft configurations 
throughout the forecast horizon, an estimate of 
the impact of these novel aircraft configura-
tions on global fuel and CO2 efficiency can be 
derived. 
4. ANALYSIS AND ASSESSMENT OF 
TECHNICAL CONCEPTS AND DE-
PLOYMENT CHALLENGES 
During the aforementioned AIRCAT workshop 
major impacts by the presented novel aircraft 
concepts and sustainable energy concepts 
were identified, and upcoming challenges and 
enablers were discussed. These cover a com-
prehensive range of innovation trends, so that 
the identification of related stakeholder impacts 
and implementation enablers yielded a repre-
sentative scope of challenges and solutions for 
the deployment of novel concepts which help 
to achieve the long-term CO2-emissions reduc-
tion goal. 
Basic information about the investigated novel 
aircraft concepts are consolidated in Tab. 1. 
Major enablers and recommendations for ac-
celerating the implementation of each concept 
are presented in the following sections. 
4.1 Electrical Aircraft 
For a successful introduction of electrical air-
craft sufficient battery performance is the major 
enabler. Besides general battery improve-
ments across multiple industries, electrical 
aircraft have to meet more stringent require-
ments compared to other industries, especially 
for the energy density of batteries, reliability at 
extreme temperatures, and safety. 
If electrical aircraft are introduced on a large 
commercial scale, reliable supply concepts for 
the increasing electricity demand at airports 
are necessary. Therefore, electricity compa-
nies could become new stakeholders of the 
aviation industry by introducing new market 
rules and energy supply chains. 
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Table 1: Basis information about aircraft concept introductions 
Concept CO2 saving 
potential on 
aircraft level 
(compared to 
current aircraft) 
Seats and 
design range 
Estimated market 
potential 
(# of aircraft) 
Estimated 
entry-into-
service (EIS) 
CO2 saving poten-
tial on global fleet 
level in 2050 
(Results from 
FFWD-Model) 
Electric Aircraft -100%1 up to 200 seats 
700-1.000nm 
~ 6.000 aircraft3 2035+ up to 15% 
 -80%2 up to 200 seats 
700-1.000nm 
~6.000 aircraft3 2035+ up to 12% 
Blended Wing 
Body (BWB) 
-50% ~500 Seats 
7.500nm 
up to 1.000 aircraft 2040+ ~ 1-2%4 
Strut Braced 
Wing (SBW) 
-29% to -62%5 154 Seats 
3.500nm 
~6.000 aircraft 2030+ up to 7%6 
 
1for CO2 emission free electrical energy supply (e.g. through “green energy” contracts) 
2for greenhouse gas emission reduction by 80% as endorsed among others by the European Parliament [26] 
3Estimation based on future demand and market forecast for aircraft with 100-210 seats 
4Number of aircraft will expand substantially in the following decades 
5 -29% expected for the 2030 version and 62% for the 2045 version 
6Applies for EIS of -29% concept version in 2030 and -62% version in 2045 
 
 
Standardization of batteries to be used as pro-
pulsive energy source in future aircraft, and 
possibly across industries, is necessary to 
maximize economies of scale for battery pro-
duction and availability. This applies also for 
quick exchange during turnaround, including 
between different aircraft types. 
Focusing on the contribution of such aircraft to 
CO2-emission reduction goals, the overall 
lifecycle emissions have to be taken into ac-
count including the contribution of battery pro-
duction and the sources of electrical energy. 
Consequently, the carbon emissions of electri-
cally powered aircraft do highly depend on the 
future energy mix to be supplied by the elec-
tricity industry. 
The estimated CO2-emission reduction poten-
tial of such an aircraft, assuming a trend mar-
ket growth, could reach up to 15% of the global 
emissions in 2050. The modeled reduction 
potential is highly depending on EIS, ramp-up 
scenario and operational route lengths. 
 
Recommendations for acceleration of the im-
plementation of electrical aircraft: 
• Focus research and development on high 
performance batteries with high energy 
density 
• Support novel battery technologies and 
battery production technologies 
• Support the development of strategies for 
building up worldwide battery supply net-
works and airport infrastructure 
4.2 Strut Braced Wing with Open Rotor 
The NASA-SBW aircraft configuration which 
was investigated in this study, as a representa-
tive example of structurally optimized aircraft 
concepts, combines the SBW concept with 
multiple additional technologies, such as open 
rotor, fuel cell and boundary layer ingestion. 
Therefore, the identified challenges and ena-
blers are related to this specific overall con-
cept. However, other technology and concept 
combinations are possible and were studied 
among others within the Boeing and NASA 
SUGAR studies. 
A characteristic of the open rotor that could 
reduce the productivity/utilization is the lower 
cruise speed of around Mach 0.7 compared to 
Mach 0.75 to 0.79 of comparable current air-
craft types. Therefore, the net benefit of this 
concept has still to be proven, considering the 
possible aircraft utilization drawback. Addition-
ally, air traffic management has to work in time 
on ensuring the integration into the flight net-
work of a strongly increasing number of aircraft 
with lower than current typical cruise speeds. 
While the open rotor reduces the fuel con-
sumption substantially, a major challenge is to 
reduce the noise impact in- and outside the 
aircraft. Even if big improvements have been 
achieved for open rotor noise, the noise levels 
are still higher than for other future advanced 
engines. [27] To meet current blade-off safety 
requirements for open rotor engines, some 
weight penalty for structural reinforcements is 
8 
 
necessary. This has to be kept to a minimum 
to avoid setbacks in fuel consumption benefits 
[28]. 
Its large wing span puts the aircraft into a 
higher airplane design group [29] than other 
aircraft with comparable number of seats. To 
avoid the higher classification and the related 
higher airport charges, the wing tips could be 
designed to be foldable. To account for radical-
ly new aircraft configurations with different 
handling characteristics at the airport a re-
definition of current airplane design group 
classifications might be an appropriate option 
in the long term as well.  
 
Recommendations for acceleration of the im-
plementation of SBW open rotor aircraft: 
• Expand efforts in network and air traffic 
management research, focusing on an in-
creasing variety of aircraft with different 
operational characteristics (for open rotor 
SBW e.g. lower speed, potentially lower 
wake vortex separation due to larger 
wingspan) 
• Reduce noise emissions by open rotors 
through increasing research and devel-
opment efforts 
4.3 Blended Wing Body 
The BWB-design is subject to high uncertain-
ties since today’s design methods for conven-
tional aircraft configurations are not directly 
applicable to non-tube-and-wing configura-
tions. To reduce these uncertainties, high in-
vestments in new design methods and tools as 
well as expertise in handling them are neces-
sary. Research projects to reduce such uncer-
tainties and the clear identification of overall 
benefits are major enablers. 
The development of a family concept for BWBs 
is an essential requirement for a successful 
market introduction. Due to the aerodynamic 
shape of BWBs, which is more complex than 
for tube-and-wing configurations, it is challeng-
ing to design modular aircraft family concepts 
for fuselage and equipment systems. Com-
pletely new aircraft programs are usually viable 
as family concepts. The unusual structure of a 
large non-cylindrical BWB body and cabin also 
requires an early adoption of the production, 
assembly and logistics (transportation) of parts 
and components produced at decentralized 
sites.  
Operational challenges are seen in payload 
weight distribution and loading procedures, 
since the BWB design requires more restricted 
center-of-gravity limits. Additionally, operators 
and airports have to cope with the more com-
plex accessibility of ground services and 
maintenance. While the large space inside the 
BWB airframe allows for a variety of cabin 
designs, new operational processes (e.g. ad-
aptation of the current aircraft size restriction at 
airports in an 80x80 m box (see [29])) and 
procedures (e.g. situation awareness inside 
the cabin) have to be defined to comply with 
current safety requirements. 
Due to its EIS as late as 2040, the global CO2-
emission reduction potential is forecasted to 
about 1-2% in the first 10 years until 2050, but 
could expand substantially in the following 
decades. 
 
Recommendations for acceleration of the im-
plementation of BWB aircraft: 
• Focus research and technology activities 
on the reduction of uncertainties in the 
aircraft design process by expanding 
overall aircraft design capabilities 
• Strengthen concepts and strategies for 
the production, assembly, supply, and lo-
gistics of large and complex structural 
components 
4.4 Sustainable drop-in fuel technologies: 
Sun-to-Liquid 
To estimate the potential of StL, a robust sci-
entifically-based estimate is needed regarding 
the conversion efficiency, the demonstration 
outside laboratory conditions, and reliable es-
timations of the number and size of large-scale 
plants that can be built. In addition to the tech-
nical feasibility the economic competitiveness 
compared to other sustainable fuels needs to 
be assessed. Furthermore, to enable success-
ful implementation, efficiency improvements of 
the solar energy capture and conversion pro-
cess are necessary. Also improvement of 
technologies for CO2 absorption from air is 
necessary to make the process fully sustaina-
ble and independent from fossil industrial CO2 
exhaust gas sources [30]. 
Similar considerations are valid for the power-
to-liquid technology, whose potential also de-
pends on significant innovation to reduce fuel 
production costs along the whole process 
chain. 
 
Recommendations for acceleration of the im-
plementation of novel sustainable drop-in 
fuels: 
• Focus research on improved techno-
economic performance of renewable syn-
thetic drop-in fuels 
• Expand efforts on field demonstration and 
scale up capabilities of promising synthet-
ic fuels 
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4.5 Sustainable non-drop-in fuel technolo-
gies: liquid natural gas 
For the introduction of aircraft powered by LNG 
or other liquefied or compressed gaseous 
fuels, new fuselage designs are necessary. 
LNG requires different tank and fuel systems 
compatible with cryogenic fuels and complying 
with current high safety standards in aviation. 
To maintain equal productivity and useful pay-
load volume, an LNG aircraft would likely have 
either a wider or longer fuselage than a com-
parable jet-fuel powered aircraft. But funda-
mental technical aspects of using LNG in for-
purpose designed aircraft do not show any 
technical barriers that would prevent the use of 
natural gas as an alternative aviation fuel [31]. 
To enable a seamless introduction of such 
non-drop-in fuels, sufficient availability at air-
ports, i.e. operational LNG supply chains and 
infrastructure, are essential. LNG is a wide-
spread energy source in industry and house-
holds with an extensive and reliable existing 
distribution network. However, neither LNG nor 
other non-liquid hydrocarbon fuels are current-
ly common in aviation; therefore specific sup-
ply chains and infrastructures for airports must 
be built up. The launch of a LNG-powered 
aircraft program is only viable if LNG is sup-
plied at a sufficient number of airports within 
the worldwide network to allow operations with 
a large number of aircraft customers in all 
parts of the world under the same reliability 
conditions as with current jet fuel. 
 
Recommendations for acceleration of the im-
plementation of novel sustainable non-drop-in 
fuels: 
• Development of strategies for building up 
worldwide supply networks and infrastruc-
ture for new non-drop-in fuels 
• Strengthening research regarding the in-
tegration of non-drop-in alternative energy 
sources (e.g. LNG) in the aircraft design 
process 
 
5. CO2 SAVING POTENTIAL AT GLOBAL 
FLEET LEVEL 
In addition to the identification of the main 
challenges, obstacles and roadblocks ex-
pected from the introduction into the air 
transport system, the quantitative assessment 
of the contribution of the discussed aircraft 
concepts to the CO2 emission reduction goals 
on global fleet level till 2050 is important for the 
deduction of further actions. The potential im-
pact of each concept as well as of the combi-
nation of all three on the future CO2-emissions 
at global fleet level was forecasted with the 
DLR fleet and fuel forecast tool FFWD as de-
scribed in section 3.3. 
Based on a reference scenario (baseline) for 
the development of the global aircraft fleet and 
its fuel consumption until 2050 (considering 
only evolutionary technologies), four scenarios 
are modeled to estimate the contribution of 
each of the three new aircraft concepts inves-
tigated (Electrical, SBW, BWB) and a combina-
tion of all three concepts. The specific assump-
tions for each scenario are taken from Tab. 1. 
The model assumes EIS dates as early as 
technically feasible and does not include po-
tential economically driven delays, such as 
poor world economics or reluctance to invest 
into large high-risk projects. For each new 
aircraft model a ramp-up time of 7 years is 
assumed, starting with the EIS until it takes 
over 100% of the production within each seat 
category. The underlying growth scenario until 
2050 is shown in Fig. 8. 
 
As a result of this modelling, the impact of the 
three radical aircraft concepts investigated in 
the AIRCAT study on CO2-emissions relative 
to 2005 is plotted in Fig. 9. There it can be 
seen that the total CO2 reduction potential from 
radical aircraft concepts in 2050 can reach 
about 20 to 25 % compared to the emissions in 
the baseline scenario (considering evolutionary 
technologies only), assuming optimal econom-
ic conditions allowing to realize all technically 
feasible programs. Even under such favorable 
conditions, the expected market penetration of 
most radically new aircraft concepts is still 
relatively low in 2050. This means that the 
majority of emissions reductions necessary to 
meet 2050 goal would have to come from low-
carbon fuels. These would include both the 
currently known alternative drop-in fuels (most-
ly biojet fuels, which are already in deployment 
today) and radically new fuels, such as the 
sun- and power-to-liquid fuels mentioned in the 
present report. 
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Figure 8: Basic growth scenario (2005 = 100%) 
 
Figure 9: Contribution of presented radically new aircraft concepts to CO2 emission reduction 
roadmap; including yearly operational and infrastructural improvements of 0.2% (2005 = 100%) 
 
6. CONCLUSIONS AND RECOMMENDA-
TIONS 
6.1 Conclusions: 
• Radically new climate-friendly aviation 
technologies are necessary to meet the 
aviation industry’s long-term emissions 
reduction goal. 
• As the market penetration of radically new 
aircraft concepts is slow by nature, these 
can only contribute a part of the required 
emissions reduction. The larger part will 
have to come from sustainable alternative 
fuels. 
• For the successful introduction of radical 
concepts, their impact on all major stake-
holders within the air transportation sys-
tem has to be assessed and cooperation 
between them launched as early as pos-
sible. 
• To bring radically new technologies with 
high CO2-emission reduction potential into 
the market to reach the 2050 carbon 
emissions reduction goal, research and 
industry have to start working now on the 
prerequisites and long lead-time items of 
these technologies. 
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• Acceleration of product cycles and inno-
vation speed in the aviation industry is 
important to enable sufficient market pen-
etration of climate-friendly technologies 
until 2050, while keeping affordability of 
new products in mind. 
 
6.2 Recommendations for further research 
work: 
• Expand the focus of this study to further 
radically new technologies with high CO2-
emission reduction potential and to deep-
er techno-economical viability analyses to 
identify the most promising technologies. 
• Maximize emission reduction potentials by 
combining various promising technologies 
and aircraft concepts. 
• Reduce uncertainties of technical and op-
erational performance indicators of new 
technologies and concepts through con-
centrated research work and quantitative 
assessments. 
• Focus research on the improvement of 
production efficiencies, field demonstra-
tion and scale up capabilities of new fuels 
and energies (e.g. StL, batteries) as well 
as battery energy density. 
• Develop strategies for building up supply 
networks and infrastructure for new fuels 
and energy sources (e.g. LNG, electricity 
supply and battery logistics). 
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